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ABSTRACT
Analysis of cluster and field star uvby data demonstrates the existence of a previously un-
detected discrepancy in a widely used photometric metallicity calibration for G dwarfs. The
discrepancy is systematic and strongly color-dependent, reducing the estimated [Fe/H] for stars
above [Fe/H] ∼ −0.2 by between +0.1 and +0.4 dex, and creating a deficit of metal-rich stars
among dwarfs of mid-G and later spectral type. The source of the problem, triggered for stars
with b − y greater than about 0.47, appears to be an enhanced metallicity dependence for the
c1 index that increases as temperature declines. The link between c1, normally a surface grav-
ity indicator, and metallicity produces two secondary effects. The deficit in the photometric
abundance for a cool dwarf is partially compensated by some degree of evolution off the main
sequence and cool dwarfs with metallicities significantly above the Hyades are found to have c1
indices that classify them as giants. The potential impact of the problem on stellar population
studies is discussed.
Subject headings: stars: abundances — techniques: photometric
1. INTRODUCTION
The Hipparcos (Perryman et al. 1997) era
in stellar astronomy has produced a revolution
in our ability to define the evolutionary state of
large numbers of stars in a wide array of stel-
lar classes and subclasses. The capability exists
to define reliably the distance and tangential ve-
locity of thousands of stars and place them, with
a high degree of accuracy, at the appropriate lo-
cation in some form of color-magnitude diagram
(CMD). The translation of the CMD location into
a point on an evolutionary track for a star of a
given mass requires information external to the
Hipparcos survey, in particular, the conversion be-
tween the observational and the theoretical plane
that depends, in part, on the metallicity of the
star.
This quantum leap in the quality and quan-
tity of data supplied by Hipparcos has generated a
tremendous gap between analyses based on these
data as opposed to the more traditional, ground-
based observations. A prime example is presented
by stellar spectroscopy. Though low-resolution
spectroscopic catalogs such as the Michigan Cata-
log (Houk & Cowley 1975; Houk 1978, 1982; Houk
& Smith-Moore 1988; Houk & Swift 1999) com-
pare favorably to the space-based sample in num-
ber, high-resolution, spectroscopic catalogs list-
ing abundances, e.g. Cayrel de Strobel et al.
(2001), contain only a few thousand stars of mixed
range and reliability. In the absence of a spectro-
scopic equivalent of Hipparcos, investigators have
used a variety of approaches to fill the void, the
most common being analysis of photometric in-
dices. Of the many photometric systems avail-
able, arguably the most valuable and most used
for large-scale studies is the Stro¨mgren uvby sys-
tem. The intermediate-band filters of the system
have been selected to disentangle the overlapping
effects of varying temperature, metallicity, and
surface gravity and, over the last 35 years, the
indices have been calibrated to supply informa-
tion on stars over the entire range in temperature,
luminosity, and abundance. Moreover, the pho-
tometric sample numbers over 60,000 stars and is
currently available on a uniform system via the
efforts of Hauck & Mermilliod (1998). Though
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composite catalogs can often be of questionable
value due to the inadequate nature of the trans-
formations among different observers, the catalog
of Hauck & Mermilliod (1998) is dominated by
the extraordinary sample collected over the last 20
years by Olsen (1983, 1984, 1993, 1994) and oth-
ers (e.g., Schuster & Nissen 1988; Schuster et al.
1993), often using the same instrumentation and
reduction procedures. Thus, the transformation
corrections among the various published catalogs
are small to negligible.
For stellar population investigations of the so-
lar neighborhood, uvby photometry has long been
a mainstay, with an emphasis on stars of spectral
type A through early G. Because the c1 index sup-
plies a measure of MV , it permits a determination
of the location of the star in the CMD and, in
combination with the metallicity via m1 and tem-
perature via b− y or Hβ, an age through compar-
ison with appropriate isochrones (Twarog 1980;
Meusinger et al. 1991). With the availability of
Hipparcos parallaxes to determine MV , the role of
the uvby system has shifted to one of supplying in-
ternally consistent abundances, while the spectral
range of interest has moved redder, to stars of type
late G and early K. A few of the recent examples
of the use of the system may be found in Laugh-
lin (2000); Rocha-Pinto et al. (2000); Haywood
(2001); Feltzing et al. (2001); Reid (2002). As
invariably happens when new data open up previ-
ously unexplored avenues of research, the analyses
lead to contradictions with earlier work and with
each other; examination of the citations noted
above prove that the Hipparcos data analyses are
no exception. In evaluating such contradictory ev-
idence, it is crucial to isolate the real effects of
galactic and stellar evolution from the artifacts of
the technique. The purpose of this paper is not to
review the strengths and weaknesses of the many
recent solar neighborhood investigations tied to
uvby photometry. Our purpose is to highlight an
inherent problem in the uvby metallicity calibra-
tion for disk G and K stars, a calibration that is
being used with increasing frequency in such stud-
ies.
In Sec. 2, we will present the evidence that a
problem does, in fact, exist. In Sec. 3, we track
down the source of the discrepancy, while investi-
gating its role in population studies in Sec. 4. Sec.
5 provides a summary of our conclusions.
2. The Problem
Over the last 15 years, we have been involved in
the development of a photometric system known
as Caby photometry. The Caby system represents
an extension of the traditional four-color, uvby
intermediate-band photometric system to a fifth
filter centered on the H and K lines of Ca II. De-
tails of the filter definition and design as well as the
fundamental standards may be found in Anthony-
Twarog et al. (1991) while an extensive catalog of
stars observed on the system and tied to the b− y
scale of Olsen (1993) may be found in Twarog &
Anthony-Twarog (1995). The filter was designed
initially with metal-deficient stars in mind, as
demonstrated by numerous applications to date on
normal field stars (Anthony-Twarog et al. 1991,
1992; Anthony-Twarog & Twarog 1998; Anthony-
Twarog et al. 2000), clusters (Anthony-Twarog et
al. 1995; Rey et al. 2000), and variables (Baird
1996; Hintz et al. 1998). Metallicity calibrations
have been produced for both the metal-deficient
giants (Anthony-Twarog & Twarog 1998) and
metal-deficient dwarfs (Anthony-Twarog et al.
2000), but preliminary analysis indicated that for
dwarfs hotter than the sun, the hk index, defined
as (Ca-b)-(b-y), remains metallicity sensitive for
stars of solar abundance or higher (Twarog &
Anthony-Twarog 1995), a result consistent with
the theoretical models of Soon et al. (1993).
Because of the high metallicity of the Hyades rel-
ative to the typical star in the field of the solar
neighborhood, observations of this cluster were
obtained along with the field stars as a means of
testing this prediction.
In the course of analyzing a sample of over
100 Hyades dwarfs extending to spectral type of
late K, it was noted that the cooler dwarfs in the
Hyades occupied an unexpected location in the hk,
b-y diagram. The data imply that higher metal-
licity shifts the Hyades relation to lower hk at a
given b−y relative to the average disk star, i.e., the
Hyades stars formed an upper bound in the figure
rather than a lower bound (Anthony-Twarog et al.
2002). As a test of the metallicity option, the stars
located above the Hyades in the two-color relation
were identified and a check made for any published
abundance information, photometric or spectro-
scopic. In the course of this search, it became ap-
parent that a serious deficiency of stars with solar
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metallicity or higher exists among the cool stars
in the published uvby catalogs. The source of this
problem emerged when we attempted a differen-
tial comparison of the photometric indices of the
stars directly with those of the Hyades dwarfs of
the uvbyCa system.
To illustrate the problem, we make use of the
uvby data for two clusters, Hyades and Praesepe,
with abundances above solar as measured via spec-
troscopy (e.g., Boesgaard 1989; Friel & Boesgaard
1992) and photometry (e.g., Nissen 1988; Twarog
et al. 1997)). The uvby photometric data for
the Hyades come from Olsen (1993, 1994) while
those of Praesepe come from Reglero & Fabre-
gat (1991). Comparison of 16 stars common to
Olsen (1993, 1994) and Reglero et al. (1992) for
the Hyades produced modest offsets between the
two photometric systems. The average differences
among the various indices, in the sense (OLS -
REG), are +0.0199 ± 0.0259, +0.0079 ± 0.0061,
–0.0078 ± 0.0060, and +0.0135 ± 0.0110 for V ,
b− y, m1, and c1, respectively. Errors quoted are
standard errors of the mean. Because there is no
direct means of comparing the Praesepe data of
(Reglero & Fabregat 1991) to that of Olsen (1993,
1994), we will adopt the offsets from the Hyades
comparison as representative of the Praesepe pho-
tometry. The cluster data were then adjusted to
the system of Schuster & Nissen (1988) using the
transformation relations derived by Olsen (1993).
It should be emphasized in all cases over the color
range of interest, b− y between 0.39 and 0.59, the
corrections are small and cannot be the source of
the discrepancy. The cluster data are then pro-
cessed through the metallicity calibration for G
dwarfs as derived in Schuster & Nissen (1989), the
calibration currently adopted in most photomet-
ric analyses. The resulting abundances, [Fe/H],
are plotted in Fig. 1 as a function of b − y for
the Hyades (filled circles) and Praesepe (open cir-
cles). Observations of the same Hyades star from
two different catalogs were treated as independent
data and plotted as separate points.
For stars hotter than b − y = 0.47, most stars
scatter between [Fe/H] = 0 and +0.2, indicative
of the expected supersolar metallicity for stars in
these clusters. A more detailed analysis shows
that there is weak evidence for a smooth color de-
pendence in the abundances, starting at [Fe/H]
= 0.0 for the bluest stars, the cooler F dwarfs,
and rising above +0.13 at b − y = 0.46. For stars
redder than b − y = 0.47, there is a systematic
decline in the calculated [Fe/H], reaching a mini-
mum between [Fe/H] = –0.2 and –0.3 at b − y =
0.52 to 0.53, then rising rapidly toward +0.2 for
stars at the cool limit of the calibration. The fact
that the pattern is the same for two clusters of the
same [Fe/H] observed independently by two differ-
ent groups ensures that this is not a problem tied
to a systematic error in the photometry.
Though the photometry itself may not be
the issue, perhaps the clusters, both metal-rich
and moderately young, suffer from some form of
anomaly which distinguishes them from the typi-
cal field star of the same [Fe/H] and temperature.
An example of such an effect which immediately
comes to mind is the aptly named Hyades anomaly
(e.g., Nissen 1988; Dobson 1990; Reglero et al.
1992; Joner & Taylor 1995). To test this possi-
bility, we have processed the two primary, G-star
uvby catalogs (Olsen 1993, 1994) through the
same metallicity calibration, after applying ad-
justments for offsets relative to Schuster & Nissen
(1988). The catalogs are treated separately be-
cause they emphasize different temperature ranges
and are constructed using different selection cri-
teria. The metallicity distribution as a function
of color is illustrated for Olsen (1993) in Fig. 2a
and for Olsen (1994) in Fig. 2b. Though the
catalogs are not composed of a random sample of
the cooler stars in the solar neighborhood due to
biases imposed by the spectral classification se-
lection and apparent magnitude limits, there is a
broad range in [Fe/H] at all colors. The striking
element common to both samples is the decline
in the number of stars with [Fe/H] greater than
0.0 for b − y greater than 0.49. The only differ-
ence of note in comparison with the cluster data
is that the decline in the distribution is triggered
at a marginally redder color than found with the
clusters, a point we will return to in Sec. 4.
Though it appears that a problem exists within
the G-star calibration, its source is less obvious.
We emphasize that by the source of the discrep-
ancy, we are not referring to the explicit reason
why the error was included in the original cali-
bration. It is a trivial point to assume that when
a calibration of this type exhibits discrepancies,
the origin of the error can be traced back to some
combination of photometric errors, spectroscopic
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abundance errors, or a sample size inadequate to
cover the parameter space of interest. The sample
used by Schuster & Nissen (1989) is no excep-
tion in that, despite the explicit statement that
the abundance calibrations were appropriate be-
tween b− y = 0.38 and 0.59 up to [Fe/H] = +0.4,
the sample is heavily weighted toward stars of halo
metallicity.
By source of the discrepancy, we instead refer
to the term(s) in the calibration relation that are
inadequately or inappropriately sensitive to the
changes in the stellar parameters, producing abun-
dances that are not representative of the star. The
rationale for this search is that it isn’t enough to
simply state that the abundances for some stars
will be in error. If the errors are coupled to a spe-
cific photometric index, the size of the deviation
may be coupled to a fundamental property of the
star and lead to significant biases within samples
chosen on the basis of photometry. Since the G-
star calibration is being applied to extended sam-
ples for stellar populations studies, as discussed
in Sec. 4, it is crucial to know which indices are
primarily responsible for the discrepancy.
In the traditional approach to metallicity cali-
bration with the uvby system, a metallicity index
is derived by determining the difference between
the observedm1 index of a star and the value on a
standard relation at the same temperature as de-
fined by a color index such as b− y or Hβ (Craw-
ford 1975; Olsen 1984). The value of δm1 is then
transformed to [Fe/H] using some functional form
which includes the potential secondary effects of
temperature and surface gravity variation. Schus-
ter & Nissen (1989) use the actual indices, b− y,
m1, and c1, rather than differential terms, and an
extensive set of polynomial dependences, including
cross-terms among the different indices. Because
of the extensive list of terms, some of which in-
volve quadratics, the coefficients of each term can
be large. The result is that the final value of [Fe/H]
for a star is often obtained by taking differences
among comparably large terms, the net sum of the
small differentials resulting in an [Fe/H] value be-
tween +0.5 and –3.0. It must be emphasized that
this approach should lead to a calibration as good
as if not better than that developed by the simpler,
traditional differential technique, and the tests of
the final calibration by Schuster & Nissen (1989)
seem to bear that out. ¿From the standpoint of a
user, the one weakness of the calibration is the dif-
ficulty in deciding the degree to which variations
among the different stellar parameters - temper-
ature, surface gravity, and metallicity - influence
the final photometric abundance through the var-
ious indices. Disentangling the effects of the var-
ious terms in the calibration will be the focus of
next section.
3. The Source of the Anomaly
If there are weaknesses with the G-star calibra-
tion, one might assume that the need exists for
a full-scale recalibration of the metallicity func-
tion over the entire cool star range at all [Fe/H].
Though clearly desirable, it isn’t necessary for the
purposes of this investigation and, in fact, is not
be feasible with the spectroscopic sample available
today. From the cluster data discussed above, the
field star data of Fig. 2, and tests of the cali-
bration from spectroscopic comparisons (e.g., Ed-
vardsson et al. 1993), with minor modifications
discussed below, the relation appears to work rea-
sonably well for the hotter stars, i.e., b − y less
than 0.47, at all [Fe/H], though there is a modest
color dependence to the zero point of the abun-
dances even among the hotter stars. The issue is
the source of the discrepancy among the stars in
the cooler half of the calibration range, the late G
and early K type stars with [Fe/H] approximately
solar or higher. Despite a number of investiga-
tions of dwarf stars over the last decade, the num-
ber of cooler G and hotter K dwarfs of approxi-
mately solar abundance with spectroscopic abun-
dance determinations remains scant; most surveys
have concentrated on stars of lower metallicity
within the old disk and/or halo, as did the original
photometric study by Schuster & Nissen (1989).
Moreover, in most spectroscopic studies, the num-
ber of stars surveyed remains small, leading to dif-
ficulties in ensuring that the abundances obtained
from one analysis are on the same system as that
of another. For this investigation, the best, in-
ternally consistent, spectroscopic sample of signif-
icant size for which uvby data are available comes
from Favata et al. (1997).
Following the approach adopted in many of the
recent studies, the 91 stars of Favata et al. (1997)
were checked against the uvby catalog of Hauck &
Mermilliod (1998), providing photometry for 35
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stars between b−y = 0.38 and 0.60. This photom-
etry was then adjusted to the system of Schus-
ter & Nissen (1988) using the offsets of Olsen
(1993) since the majority of the composite pho-
tometry is based upon the work of Olsen (1983,
1984, 1993, 1994). The sample of 35 stars was di-
vided into 2 groups with a boundary at b − y =
0.47; 23 stars fell within the hotter regime while
12 defined the cool subset. The photometric abun-
dances are plotted as a function of the spectro-
scopic values in Fig. 3, where the hotter stars are
open squares and the cool stars are filled. The
difference in slope between the two data samples
is obvious. A linear fit for the hotter stars pro-
duces the relation [Fe/H]phot = 0.85 [Fe/H]spec +
0.02, identical within the uncertainties with the
trends found by Alonso et al. (1996) and Hay-
wood (2001). In contrast, the 12 cooler dwarfs
define a relation [Fe/H]phot = 0.39 [Fe/H]spec –
0.19, with very small scatter. If the small sample
of cooler dwarfs is representative of the general
population, the sharp changes seen in the distri-
butions of Figs. 1 and 2 are not merely the product
of a flaw in the zero-point of the metallicity cali-
bration with increasing color, but are due in large
part to a serious error in the slope.
If there is a significant problem with the G-
star calibration that goes beyond an issue with the
zero point, the source of the error remains hidden
within the functional form of the metallicity cal-
ibration. To gain some insight into which of the
variables may hold the key, we plot in Fig. 4 the
correlation of spectroscopic [Fe/H] (open stars)
and photometric [Fe/H] (filled squares) with m1
for the 12 cooler stars in Fig. 3. Other than the
predictable fact that the photometric abundances
cover a more modest range in [Fe/H], there is no
significant difference between the patterns exhib-
ited by the data as a function of m1. There is also
little correlation between [Fe/H] and m1, imply-
ing that, other than increasing the scatter, ran-
dom variations in m1 are unlikely to propagate
through the G-star calibration to produce the cor-
related deviations with [Fe/H] seen in Fig. 3. In
Fig. 5, we repeat the same exercise for c1. The
difference is striking. For both abundance esti-
mates, increasing [Fe/H] is highly correlated with
increased c1. In fact, for the photometric values,
c1 alone provides an excellent indicator of [Fe/H].
We emphasize that this trend is not an artifact of
the small sample. We have repeated the exercise
for the uvby catalogs of Olsen (1993, 1994) and
find the same result for those samples, reflecting
the result that the G-star calibration has a strong
dependence on c1, in contrast with the results for
hotter dwarfs in the field (Crawford 1975; Schus-
ter & Nissen 1989; Edvardsson et al. 1993) or in
clusters with turnoffs in the F star range (Twarog
1983; Nissen et al. 1987; Anthony-Twarog &
Twarog 1987). What Fig. 5 indicates is that
the size of the dependence of [Fe/H] on changes in
c1 for the cooler star metallicity calibration is too
small. If the spectroscopic abundances of Fig. 5
and the linear relations of Fig. 3 are correct, for
cool dwarfs near solar abundance the variation of
[Fe/H] with c1 should be approximately doubled.
4. The Impact
Before discussing the specific role of the calibra-
tion error in solar neighborhood stellar analyses,
a more general issue is the relevance of the G-star
calibration within such studies. As noted earlier,
the original intent of the Schuster & Nissen (1989)
paper was heavily weighted toward stars of lower
metallicity, and the long term history of the ap-
plication of the F and G dwarf calibrations bears
out this view. The use of the calibration for stars
of solar metallicity would appear to be pushing
the limits of the viability of the technique. Er-
rors should be expected and have been noted in
every study that has made extensive use of the
calibration. The approach taken in refining the
G-star calibration to adjust for these deficiencies
has been virtually identical in every case and mim-
ics the procedure used to revise the F-star calibra-
tion by Edvardsson et al. (1993), as illustrated by
the technique used in the construction of Fig. 3.
Abundances are derived for stars using the origi-
nal G-star calibration and compared with the up-
dated spectroscopic data for the same stars. A
linear transformation is derived that permits the
photometric abundances to be translated to the
spectroscopic system.
Such internal checks have formed the appro-
priate basis justifying the use of the original G-
star calibration in every major study of the last
two years (Rocha-Pinto et al. 2000; Laughlin
2000; Haywood 2001; Feltzing et al. 2001),
and each study has corroborated the conclusion
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of the earlier work. With only a minor modifica-
tion to the slope and/or zero point, the original
G-dwarf metallicity calibration provides reliable
relative metallicity estimates for stars over the en-
tire color range and metallicity range. For stars
near Hyades metallicity, the repeatedly calculated
offset lies between 0.0 and +0.1 dex.
What Figs. 1 and 2, in conjunction with the
analysis in Sec. 3, demonstrate is that no simple
linear transformation or zero-point adjustment is
capable of placing the stars within the G-dwarf
range on an internally or externally correct metal-
licity scale. Moreover, the minor adjustments de-
rived to date to modify the photometric abun-
dances are totally inadequate. Though the hotter
stars require offsets between 0.0 and +0.1 dex, the
cooler half of the color range demands adjustments
between +0.1 and +0.4 dex, the size of the offset
being strongly dependent upon the color of the
star. As with the original calibration, the failure
to identify this problem lies with the dominance of
the hotter dwarfs in the spectroscopic comparisons
used to test and revise the calibration.
If the primary flaw in the G-star calibration
lies with the c1 dependence, how will this impact
studies based in part upon a sample of such stars?
Though the abundances of cooler stars will be sys-
tematically in error, the key question is whether
or not the problem will affect all stars with equal
severity. Unfortunately, the answer is no. The
c1 index for cooler stars has long been used as a
means of separating dwarfs from giants and sub-
giants (Olsen 1984; Pilachowski et al. 1993;
Anthony-Twarog & Twarog 1994), but these sam-
ples have involved stars of primarily halo and/or
mixed [Fe/H]. To see the degree to which changes
in luminosity alter the c1 index at a fixed [Fe/H]
comparable to the metallicity of the disk, we turn
to the discussion of Twarog et al. (1999). This
investigation includes an analysis of the distance
to the LMC using the open cluster NGC 2420 as
a link between the main sequence of the theoreti-
cal isochrones, as fixed by the solar neighborhood
dwarfs (Twarog et al. 1999), and the LMC. The
field stars with Hipparcos parallaxes were selected
using the metallicity provided by the G-dwarf cal-
ibration under discussion and required to lie be-
tween [Fe/H] = –0.3 and –0.5, with an assumed
cluster [Fe/H] of –0.4. By pure luck, the one re-
gion where the G-dwarf calibration overlaps with
the spectroscopic in Fig. 3 is at [Fe/H] = –0.4,
so the stars under consideration did, in the mean,
have approximately the same [Fe/H] of –0.4. For
the stars near b − y = 0.5, the c1, b − y diagram
allowed perfect separation of subgiants at the base
of the giant branch from unevolved main sequence
stars of the same color. A difference of 0.06 in c1
translated into a difference of over two magnitudes
in MV , a less dramatic effect by a factor of two to
three than found among halo stars (Pilachowski et
al. 1993; Anthony-Twarog & Twarog 1994), but
readily detectable among disk field stars with pre-
cision photometry. Differences in c1 significantly
larger than this should imply a more evolved star,
i.e., a giant, at a given color near solar [Fe/H].
Among cooler stars, two factors can generate
significant changes in c1. For unevolved stars at
a given b − y, higher [Fe/H] leads to larger c1.
Second, at a given b − y, luminosity alters c1 in
that more evolved stars have larger c1. The ef-
fect is not limited to subgiant versus dwarf; the
c1 index should also change as a star evolves
away from the zero-age-main-sequence (ZAMS)
with age. Though the latter effect is smaller, a
modest evolutionary effect can mimic that of a
metallicity change, and therein lies the problem.
The weakness of the G-dwarf calibration is that
it does not adjust the metallicity enough to ac-
count for the larger value of c1 expected because
of the higher [Fe/H]. However, if a star is signifi-
cantly evolved away from the ZAMS, but still not
a subgiant, the increased c1 due to evolution could
compensate for the inadequate size of the term in
the calibration. Thus, one might expect that some
metal-rich stars will be correctly identified as such
as long as they are sufficiently evolved.
To test this possibility, we have run the cat-
alogs of Olsen (1993, 1994) through the G-star
calibration and selected those stars which have
[Fe/H]phot greater than 0.10 and b−y greater than
0.45, a horizontal cut through the Figs. 2a and
2b. These stars were matched with the Hipparcos
parallax catalog (Perryman et al. 1997). Any
star with σpi/pi less than 0.15 was adjusted for the
Lutz-Kelker correction (Lutz & Kelker 1973; Koen
1992) and plotted on a CMD. It was assumed that
the stars had no reddening. The result is shown
in Fig. 6. Also shown is the main sequence for the
Hyades using the composite sample constructed
by Anthony-Twarog et al. (2002) and the abso-
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lute magnitudes of Perryman et al. (1998). Stars
that exhibit any indication of multiplicity from the
summary by de Bruijne et al. (2001) have been
excluded.
The single-star main sequence (filled circles) of
the cluster is extremely tightly defined. In con-
trast, the field stars from Olsen (1993) (open tri-
angles) and Olsen (1994) (squares) extend over a
wide range in absolute magnitude with a remark-
able cutoff at b− y = 0.485. The number of stars
between b − y = 0.49 and 0.57 is small, with a
modest number reappearing at b− y = 0.58. This
peculiar distribution is a reflection of the calibra-
tion problem noted in Fig. 1, coupled with the
selection biases of the samples and the red limit of
the subgiant branch. Stars that are Hyades metal-
licity or higher have photometric abundances that
are systematically underestimated among the cool
stars. Only at the red limit of the G-star metal-
licity calibration (b − y ∼ 0.58) does this effect
weaken due to the curvature seen in Fig. 2. How-
ever, what is more important from the standpoint
of this discussion is the nature of the stars that
are picked as being metal-rich.
As one moves down the main sequence toward
cooler temperatures, the field star distribution
reaches an approximate limit in MV ; few stars
are found fainter than MV = 5.5 until the cool
limit of the sample is attained. This implies that
between b − y = 0.45 and 0.57, a star must be
located in a CMD position increasingly above the
unevolved/partially evolved main sequence of the
Hyades. It is unlikely that the stars in this color
range in Fig. 6 are located above the main se-
quence because they are binaries. Composites of
two, almost identical, main sequence stars will
shift the system about 0.7 mag above the main
sequence, but will not significantly alter the color
indices. Thus, a composite system will be affected
by the photometric metallicity error to the same
extent as a single star. The stars located between
b − y = 0.47 and 0.57 have survived the cut be-
cause of some combination of (a) very high metal-
licity, (b) evolution off the main sequence, and (c)
photometric errors that scatter them into the high
metallicity regime.
This point is clarified in Fig. 7, where the
c1, b − y diagram for the stars in Fig. 6 is pre-
sented; the filled circles are the Hyades data of
Olsen (1993, 1994) transferred to the same system
as the field stars. Note that the scatter in Hyades
c1 is the primary source of the [Fe/H] scatter in
Fig. 1. It is apparent that the two-color diagram
is a reflection of the the CMD; the MV cut in Fig.
6 is translated into a diagonal cut in the c1, b − y
diagram, an effect which disappears at the cool
limit of the sample. What is surprising is the set
of c1 values for the seven stars between b − y =
0.5 and 0.55. Despite the fact that these stars are
positioned only 0.2 to 0.7 mag above the Hyades
relation in the CMD, implying that they are not
subgiants but main sequence stars, their c1 indices
place them 0.08 to 0.15 mag above the Hyades re-
lation, classifying them photometrically as giants.
Since they are not significantly evolved and the
size of the difference in c1 is too large to be caused
by photometric error, either these stars suffer from
some form of atmospheric anomaly that distorts
their indices, or they are very metal rich.
The seven extreme stars are HD 7199, 24257,
77712, 87000, 100508, 122640, and 145675. Per-
haps the most studied of these is HD 145675 (14
Her). This star has been the focus of a good
deal of attention because of the discovery of plan-
ets around the system (Mayor et al. 1999), as
well as confirmed, spectroscopic abundances that
classify the star as super-metal-rich, with [Fe/H]
above +0.3 (Taylor 1996; Gonzalez et al. 1999).
Its virtual twin, HD 75732, occupies the same ar-
eas of the CMD and the color-color diagram, but
missed the cut in [Fe/H] because its photometric
abundance is +0.09. For the remaining six stars,
no additional information is available which might
cast some light on their location in these figures.
If HD 145675 is typical of this select group, its
location in the CMD well above the Hyades main
sequence is a consequence of some combination of
the shift in the ZAMS to higher MV at a given
b − y due to an increase in [Fe/H] of between 0.3
and 0.4 dex relative to the Hyades and a greater
degree of evolution. The increasing gap between
the Hyades main sequence and the field stars start-
ing at b− y = 0.47 is likely to be a product of the
growing discrepancy between the photometric and
true abundance toward redder color, requiring an
even higher intrinsic [Fe/H] and/or greater degree
of evolution to meet the fixed cut in the photo-
metric [Fe/H].
The luminosity effect on c1 and, indirectly, on
[Fe/H], provides a natural explanation for the
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bluer break point in the distribution for the cluster
stars compared with the field (see Figs. 1 and 2).
The cluster stars at a given color are in the same
evolutionary state and only moderately metal rich.
The field star sample includes stars significantly
more metal rich than the Hyades, thus redder at
a given temperature, and covering a range in evo-
lutionary state from the unevolved main sequence
to subgiants at the same color.
An approximate estimate of the significance of
the calibration distortion on a sample selected for
purposes of stellar population analysis may be ob-
tained in the following way. For the Hyades stars
with uvby photometry as plotted in Fig. 1, a mean
photometric [Fe/H] has been derived as a function
of b − y between 0.39 and 0.57. Assuming the er-
ror in the photometric abundance is purely a zero-
point error in the calibration, an offset can be cal-
culated as a function of b − y to bring the mean
photometric abundance in line with that adopted
for the cluster as a whole, in this case, [Fe/H] =
+0.125. This color-dependent offset is then ap-
plied to any star processed through the calibra-
tion. Since we have already demonstrated that
the error lies in a combination of both the slope
and zero-point of the calibration (see Fig. 3), this
crude fix will only give a reasonable adjustment to
stars more metal-rich than the Hyades, with the
uncertainty increasing for more metal-rich stars.
The resulting metallicity histogram for stars
from the catalogs of Olsen (1993, 1994) with
photometric [Fe/H] above +0.2, higher than the
adopted Hyades value of +0.125, is shown in Fig.
8, where the solid line is the distribution based
upon the corrected [Fe/H] and the dashed line is
the distribution based upon the uncorrected G-
star calibration of (Schuster & Nissen 1989). Such
a sample would be appropriate in a search for
metal-rich dwarfs to study as potential sources of
planets, as exemplified by Laughlin (2000). We
emphasize that no attempt has been made to re-
move spectroscopically peculiar stars, binaries, or
spectroscopic giants in either sample. Our pri-
mary concern is the differential effect of the ad-
justment which clearly expands the sample of very
metal-rich stars in both number and range. More-
over, the boundary of [Fe/H] = +0.2 is arbitrary;
one could lower this to –0.1 and the pattern would
remain the same. The source of the enhancement
is shown in Fig. 9, where the samples of Fig. 8
are sorted by color. Superposed upon the bias in
the original catalogs, which produces a decline in
the number of stars redder than b− y = 0.50, the
metallicity adjustment leads to a significant num-
ber of high-metallicity stars at all colors, with the
greatest enhancement at the red end of the dis-
tribution. Part of the decline in numbers at red-
der colors in both samples can also be attributed
to the cool limit of the subgiant branch at higher
[Fe/H]. Stars at the base of the giant branch will
be selectively enhanced in number because they
can be observed over a greater range in distance
and because of potential effects on c1 caused by
evolution rather than metallicity.
5. Summary and Conclusions
Field star uvby data from the high precision,
photometric catalogs of Olsen (1993, 1994) and
cluster photometry for the Hyades and Praesepe
have been analyzed to test potential issues involv-
ing the G-star metallicity calibration of Schuster
& Nissen (1989). The reliability of the photomet-
ric approach has taken on increasing importance
in bridging the gap between the extensive sample
of stars with reliable kinematic and distance in-
formation and the small to modest number with
consistent abundance estimates.
The field star and cluster data tell the same
story: for dwarf stars of mid-G to early K, the
metallicity calibration systematically underesti-
mates the metallicity of the more metal-rich stars
in the solar neighborhood, with the size of the dis-
crepancy increasing toward higher [Fe/H]. Among
the hotter half of the sample, the linear rela-
tion between photometric and spectroscopic abun-
dances is similar to what has been found in earlier
analyses (Alonso et al. 1996; Haywood 2001), but
the cooler stars generate a linear relation that has
half the slope of the hotter stars (see Fig. 3). It
must be kept in mind at all times that while the
reality of the discrepancy is obvious, the sample
of stars that define the change in the linear rela-
tions is small. It should not be assumed that the
problem can be corrected by simply subdividing
stars into two color groups. The required adjust-
ments may depend upon the slope, the zero-point,
or both, and the relative contribution of either pa-
rameter may vary with b− y.
The source of the problem appears to lie with
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the metallicity dependence of the c1 index. The
reason for its long-standing survival in the cal-
ibration is best illustrated by comparison with
the uvby metallicity calibration for F stars. The
most commonly adopted calibrations for the hot-
ter dwarfs are those of Crawford (1975) and
Schuster & Nissen (1989), modified in a modest
way by Edvardsson et al. (1993). The F-dwarfs
were a focus of the early work on age determina-
tion among solar neighborhood stars because they
had the greatest potential for exhibiting large de-
viations from the ZAMS in an age range compara-
ble to the lifetime of the disk, an important prop-
erty given the need for precise determination of ab-
solute luminosity from photometric or trigonomet-
ric methods. Thus, the sample of stars with avail-
able spectroscopic data in this temperature regime
grew in response to the need to define the stellar
abundances reliably, culminating in the extensive
sample of Edvardsson et al. (1993). Other than
modest adjustments introduced by changes in the
spectroscopic abundance scale, the F-star calibra-
tions have remained quite stable with excellent
agreement among the various investigators. Re-
peated cross-checks with expanded samples have
made errors of the type noted above difficult to
sustain.
The second, more critical factor has been the
availability of cluster photometry on the uvby sys-
tem. F-stars in a number of nearby open clusters
were well within reach of traditional, photoelectric
photometers and the changeover to CCD’s has ex-
panded this option to even greater distance. While
permitting a check on the metallicity calibrations
via the chemically well-defined sample within a
cluster, clusters of intermediate and older age gave
direct tests of the impact of main sequence evolu-
tion on the metallicity calibration and the rela-
tionship between δc1 and δMV . Repeated obser-
vations of a large sample of clusters (e.g., Craw-
ford & Barnes 1970; Nissen et al. 1987; Anthony-
Twarog & Twarog 1987; Schuster & Nissen 1988;
Daniel et al. 1994) have confirmed the conclusion
from field star data that the F-star m1 metallic-
ity calibration has little to no dependence on c1.
It must be emphasized that there is, at present,
no evidence for any systematic difference between
spectroscopic and photometric uvby abundances
for F-stars in the field or in clusters beyond those
required by ongoing revisions in the spectroscopic
scale.
In contrast, while the spectroscopic sample of
G-dwarf abundances, particularly at solar metal-
licity and above is growing, it still remains mod-
est and not always internally consistent. Though
CCD photometry now places such observations
within reach, the number of open clusters where
the cool G and K-dwarf members have been ob-
served on the uvby system remains limited to
a few nearby open clusters (Reglero & Fabregat
1991; Reglero et al. 1992). The combination of
these two factors is critical because the implica-
tion of our analysis is that, contrary to what is
found for the hotter stars, the c1 index for cooler
dwarfs is strongly affected by variations in [Fe/H].
The rapid rise in sensitivity occurs near b − y =
0.47, making more metal-rich dwarfs appear more
evolved, i.e., have a higher c1 index. The effect is
so extreme that main sequence stars with metal-
licity well above the Hyades value are photomet-
rically classified as giants, a secondary source of
problems because the transformation between in-
strumental and standard indices for cooler stars
is often dependent upon the luminosity classifica-
tion of the star, as illustrated by the Caby trans-
formation in Twarog & Anthony-Twarog (1995).
The absence of an extensive sample of cool dwarfs
with spectroscopically determined abundances at
all [Fe/H] covering varying degrees of evolution,
particularly at the metal-rich, cooler end of the
distribution, makes adequate determination of the
impact of the metallicity effect on c1 difficult, if
not impossible. The plausibility of the color effect
illustrated in Fig. 3 rests primarily upon its con-
sistency with the unmistakable distortions of Figs.
1 and 2.
The effect of the calibration error in the uvby
system on abundance determination is straight-
forward, but caution is recommended in interpret-
ing its impact on stellar population studies. Cool
dwarfs of solar metallicity and above will have
their abundances underestimated by a significant
amount and many metal-rich dwarfs will be incor-
rectly excluded from study because they are pho-
tometrically classed as giants. However, metal-
rich stars that are well-evolved off the main se-
quence or located in the subgiant region will see
some partial correction to their photometric abun-
dances due to evolutionary effects on c1. The re-
sult could be that truly metal-rich evolved stars
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will be preferentially selected in surveys for metal-
rich stars, while their unevolved counterparts are
excluded. Since the evolutionary effect only par-
tially corrects for the photometric underabun-
dance, stars with parallaxes will find themselves
positioned even farther above a ZAMS defined by
their lower, photometric [Fe/H], leading to an ex-
cessively large age determination for stars already
selected because they are, on average, older. Until
a reliable means of disentangling the influence of
luminosity and metallicity effects on c1 indices is
obtained, photometric uvby abundances for cooler
field stars, and stellar population analyses tied to
them, should be regarded with skepticism.
The authors gratefully acknowledge the thought-
ful comments and suggestions of the referee, Dr.
Ken Yoss, which made the publication of this pa-
per possible.
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Fig. 1.— The metallicity of the Hyades (filled
symbols) and Praesepe (open symbols) as a func-
tion of color using the uvby G-star calibration of
Schuster & Nissen (1989).
Fig. 2.— The metallicity distribution as a func-
tion of b−y for stars in the catalog of Olsen (1993)
(a) and in Olsen (1994) (b) using the G-star cal-
ibration of Schuster & Nissen (1989).
Fig. 3.— Comparison of photometric and spec-
troscopic abundances for stars with b−y less than
0.48 (open symbols) and those redder than b−y =
0.48 (filled symbols). Dashed relation shows the
linear fit to the hotter stars, the solid line the re-
lation for the cooler stars.
Fig. 4.— Spectroscopic (open stars) and photo-
metric (filled squares) abundances as a function of
m1 for the 12 cool stars of Fig. 3.
Fig. 5.— Same as Fig. 4 versus c1.
Fig. 6.— CMD for field stars with reliable par-
allaxes and photometric abundances greater than
+0.10. Open squares are stars from Olsen (1993),
open triangles are from Olsen (1994), and filled
circles are Hyades stars.
Fig. 7.— Color-color plot for same stars in Fig. 6.
Fig. 8.— Distribution of photometric abundances
for stars from Olsen (1993, 1994) between b − y
= 0.39 and 0.57 with [Fe/H] above +0.2. Dashed
line refers to the original uvby calibration while
the solid curve includes the adjusted abundances.
Fig. 9.— Distribution of abundances as a function
of color for the same samples found in Fig. 8.
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